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Abstract 

We show that it is possible to accommodate the observed size of the 
phase in B®~B® mixing in the framework of a model with violation 
of 3 x 3 unitarity. This violation is associated to the presence of 
a new Q = 2/3 isosinglet quark T, which mixes both with t and 
c and has a mass not exceeding 500 GeV. The crucial point is the 
fact that this framework allows for % = arg(— V^V^V^V^* ) of order 
A, to be contrasted with the situation in the Standard Model, where 
X is constrained to be of order A 2 . We point out that this scenario 
implies rare top decays t — > cZ at a rate observable at the LHC and 
\V tb \ significantly different from unity. In this framework, one may 
also account for the observed size of D°-D° mixing without having 
to invoke long distance contributions. It is also shown that in the 
present scenario, the observed size of D°-D° mixing constrains x' = 
arg(—V cd V us V* s V* d ) to be of order A 4 , which is significantly smaller 
than what is allowed in generic models with violations of 3 x 3 unitarity. 
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1 Introduction 



The Standard Model (SM) describes flavour mixing and CP violation through 
a 3 x 3 unitary CKM matrix, characterized by four independent parameters. 
At present, the SM and its built-in CKM mechanism [1] for mixing and CP 
violation are in good agreement with most of the experimental data [2] , which 
constrain the size of New Physics [3,4]. This is a remarkable achievement, 
in view of the enormous amount of data which has to be described by the 
four independent CKM parameters. Recently, some experimental evidence 
hint at potential deviations from the SM predictions: the flavour-tagged 
determination of mixing induced CP violation in B s — > 7/^$ decays [5, 
6] and eventually the measurement of D°-D° mixing [7], if long distance 
contributions to the mixing are not dominant. There are also hints related 
to b — > s penguin transitions [8]. 

In this letter, we address the question of whether it is possible to find 
a New Physics (NP) explanation for these recent experimental results. The 
assumption of 3 x 3 unitarity of the CKM matrix, is one of the crucial ingre- 
dients in most of the tests of the flavour sector of the SM. Therefore, we find 
it reasonable to analyse the above question in the framework of models where 
there are small violations of 3 x 3 unitarity of the CKM matrix. It is clear 
that any plausible extension of the SM where deviations of unitarity occur, 
should provide a natural explanation for the smallness of these violations. 
This is crucial, since deviations of 3 x 3 unitarity of the CKM matrix auto- 
matically lead to flavour- changing neutral currents (FCNC) couplings which 
are known from experiment to be severely suppressed. The simplest models 
with naturally small violations of 3 x 3 unitarity are those with vector-like 
isosinglet quarks [9-14]. Since both the left and the right components of 
these quarks are SU(2) singlets, their mass scale M can be substantially 
larger than the mass scale of standard quarks. In this class of models, there 
are violations of 3 x 3 unitarity which are naturally suppressed by the ratio 
m 2 /M 2 . These violations of unitarity in quark mixing are entirely analogous 
to violations of unitarity which are present in the leptonic mixing matrix, 
when the seesaw mechanism [15] is used to explain the smallness of neutrino 
masses. We will show that within the framework of Q = 2/3 vector like 
quarks, one may account for both the size of D°-D° mixing, as well as the 
value of the phase in B° s -B® mixing. The crucial point is that in the above 
framework, some of the exact SM unitarity relations [16], connecting mod- 
uli and rephasing invariant phases are significantly modified, in the presence 
of small unitarity violations. In particular, we show that the rephasing in- 
variant phase x = ar g( — ^tsKb^tftKs) can be much larger than in the SM, 
giving rise to a value compatible with the mixing induced CP asymmetry in 
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B s — > J/^$. We point out that a clear-cut prediction of this scenario are 
top decays t —>■ cZ at a rate observable at the LHC. This paper is organized 
as follows. In the next section we briefly describe the framework and set our 
notation. In section [31 we point out the main physical implications of small 
violations of 3 x 3 unitarity, in the context of the present framework. Spe- 
cific examples are given in section HI with detailed analyses of their physical 
consequences. Finally, our conclusions are contained in section El 



2 Notation and framework 

For definiteness, let us consider an extension of the SM where only up-type 
isosinglet quarks are added to the spectrum. In this case, the 3x3 quark 
mixing matrix connecting standard quarks is a submatrix of a larger unitary 
matrix U. Without loss of generality, one can choose a weak basis where 
the down quark mass matrix is diagonal, real. In this basis, U is just the 
4x4 unitary matrix which enters the diagonalization of the up quark mass 
matrix. With no loss of generality, one can also use the freedom to rephase 
quark fields, to choose the phases of U in the following way: 



(1) 



/ o x' -7 --A 

7T •• 

argC/= -(3 n + X •• 

V ; '7 

where the four rephasing invariant phases ar^j] [17, 18]: 

(3 = &r g (-v cd v; b v; d v tb ) • 7 = ar g (-v ud v: b v; d v cb ) ; 

x = a rg(-v ts v; b v; s v cb ) ; x ' = ^ g (-v cd v; s v: d v us ). (2) 

It should be emphasized that independently of the dimensions of U, only the 
four rephasing invariant phases in Eq. (j2J) enter its 3 x 3 sector connecting 
standard quarks. In the three generations SM, these four rephasing invariant 
phases and the nine moduli of V are related by various exact relations [16] 
which provide a test of the SM. It can be readily verified that in the context 
of the SM, the phases x an d x' are small, of order A 2 and A 4 , respectively, 
with A ~ 0.2. It has been pointed out that in the framework of models with 
up-type isosinglet quarks [14], one can obtain larger values of Xi °f order A. 

As above mentioned, we assume that there is only one up-type isosinglet 
quark, which we denote T. In the mass eigenstate basis the charged and 



1 Some authors use f3 a = Xi 4>l = P an d 4>3 = 7! x' is usually neglected. 
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neutral current interactions can be written: 
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2 cos 9w 



[u L Y(VV^)u L - d Ll »d L - 2 sin 2 9 w J? m ] Z„ , (3) 



where u = (u, c, t, T), d = (d, s, b), while V is a 4 x 3 submatrix of the 4x4 
unitary matrix U which enters the diagonalization of the up-type quark mass 
matrix: 



V 



v. 



ud 



cd 



V 



v ub \ 



cb 



v td v ts v t 

\y Td 



tb 



(4) 



V Ts V Tb J 



It is clear from Eqs. P @}, that VV ] ^ 1, which leads to FCNC in the 
up-quark sector. The salient feature of this class of models with isosinglet 
quarks is that there are naturally small violations of unitarity. It is clear 
from Eq. (jlj) that the columns of V are orthogonal, while its rows are not. 



3 Physical implications of small violations of 
3x3 unitarity 

We analyse next the most salient consequences of having small violations 
of unitarity. Although our analysis is done within the framework of one 
isosinglet quark T, a good part of our results hold in a much larger class of 
extensions of the SM. The crucial ingredient is the presence of small violations 
of unitarity, independently of their origin. 

3.1 Obtaining a large % 

From orthogonality of the second and third column of V, one obtains [14]: 



sin X = ' f T r sin( 7 ~X + x')+ J , L f T M° ~ X) , (5) 



\v ub \ 


W 1 

1 us 1 


Kb\ 


W 1 

1 v cs 1 



\v Tb \ 


\v Ts \ 


Kb\ 


W 1 

1 v cs 1 



where a is a rephasing invariant phase, a = a.ig(V Ts V cb V^ b V* s ) . It is clear 
that x can be of order A if one has, for example, V Tb ps 0(A), V Ts w C(A 2 ), 
cr ps O(l). In the SM one has, of course, sinx = (9(A 2 ), since only the 
first term in Eq. (jSJ) is present. The crucial conclusion from Eq. (jSJ) is that in 
order to obtain x of order A, the coupling of the T quark to the bottom quark 
has to be of the size of Cabibbo mixing, while the coupling T to the strange 
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quark has to be of the same order as V ts . We shall see through the examples 
that these values of V Tb , V Ts can accommodate the present experimental 
constraints. It is further required that the phase of the rephasing invariant 
a is of order one, which in the phase convention of Eq. ([1]) implies that 
the phase of the bilinear V Ts V^ b is large. So far, we have not exploited the 
connection between the size of x an d violations of unitarity arising from 
non-orthogonality among the rows of V. In order to see this connection, let 
us consider orthogonality of the second and third rows of the 4x4 unitary 
matrix U. One obtains: 

sin X = I^TPl Sin $ + §1#T Sin 6 > ® 

I *^ cs I I ^ts I I *cs I I ts I 

where 5 is the rephasing invariant phase 5 = &rg(V t * b U 24 V cb U u ) . It is clear 
that in order to have x — C(-^)> having \U 24 \ |Z7 34 | of order A 3 is required, for 
example: 

\U 24 \^0(X 2 ), \U M \^0(X), sin 5 « 0(1). (7) 

This has important implications for rare top decays which we analyse in the 
next subsection. 



3.2 Rare top decays 

From Eq. (j3J) it follows that the FCNC couplings of the type cljHlZ^ are 
proportional to \U 24 U 34 \, which measures deviations from orthogonality of 
the second and third rows of V. On the other hand, as pointed out above, 
Eq. (jBJ) tells us that having x of order A requires | ^"24^34 1 of order A 3 . This in 
turn implies a significant CL^tiZ^ coupling which leads to rare top decays 
t — > cZ, at rates such that they can be observed at the LHC. Therefore, in 
the framework of this model, one finds the following important correlation: 
a large value of x necessarily implies rare top decays of the type t — > cZ, 
visible at the LHC. This is a distinctive feature of this framework. 



3.3 Contributions to D°— D° mixing 

As previously mentioned, in the present framework there are FCNC in the 
up-quark sector, contributing to Z couplings to clI^ul at tree level [19]. In 
order for these couplings to be able to account for the observed size of D°- 
D°, without having to invoke long-distance contributions to the mixing, the 
size of 1^14^24! has to be of order A 5 [20]. On the other hand, we have seen 
that in order to obtain x of order A in this framework \U 24 \ is required to be 
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of order A 2 which leads to \U U \ = 0(X 3 ). We shall see in the next subsection 
that this value of \U U \ is considerably smaller than the upper bounds derived 
from normalization of the first row of U. Therefore, in the framework of this 
model, one may find an explanation for the size of D°-D° without violating 
the bound on \U U \. Obviously, since we only have an upper bound on \U U \, 
even in a scenario with x — 0{X), one may also have a negligible New Physics 
contribution to D°-D° mixing by choosing \U U \ sufficiently small. In that 
case, long distance contributions would be responsible for the observed size 
of D°-D° mixing. 

3.4 Deviations of unitarity in the first row of V and 
the size of 

At present, the most precisely measured elements of V are \ V ud \, \V US \ [21,22]: 

\V ud \ = 0.97408 ± 0.00026 , 
\V US \ = 0.2253 ± 0.0009 . 

This leads to the following upper bound 

i - (IK/ + IK/ + IK/) = \u u \ 2 < (0-02) 2 . 

It is clear that \U 14 \ is restricted by the precise measurements of the first row 
of V. However, as mentioned in the previous subsection, this bound on \U U \ 
is less restrictive than the one derived from the size of D°-D° mixing in the 
framework of % — ^C^)> which requires \U 24 \ = 0(X 2 ). Next, we show how 
the size of x' = ar g( — KdKsKsKd) * s constrained, in the present framework, 
by the size of D°-D° mixing. From orthogonality of the first two rows of U, 
one readily obtains the exact relation: 

sin X ' = ^4sin 7 + §^sinp, (8) 

I us ub\ I us ub\ 

where p = arg(V^, d C/ 14 l/ u * d L r 2 4 ). This is a generalization of the relation for sin x' 
in the context of the SM. The first term in the right-hand side of Eq. (JHJ) 
is, of course, of order A 4 . The interesting point is that in models with an 
isosinglet T quark, |£/ 14 [/ 2 4| is restricted by the size of D°-D° mixing to be 
at most C(A 5 ) and thus the second term of Eq. ([H]) is also of order A 4 and as 
a result sinx' ~ 0(A 4 ). In generic models with violations of 3 x 3 unitarity 
sin x' can be significantly larger. 
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4 Examples 



In this section we will present some examples of mixing matrices V which 
have been obtained by imposing the following requirements^]: 

• sizable mixing induced, time dependent, CP- violating asymmetry in 

— > J/^$ for the CP-even part of the final state, Aj/y$ = sin2x e ff, 
where %Xeff — — argM^". For this observable, already accessible at 
Tevatron, we consider in particular the last D0 result 0.540 ±0.225 [5]. 

• the contribution to e AMd/Yd in D°-D° mixing from tree level 
FCNC mostly accounts for the observed value [7]. Apart from the 
previous contribution - 'short distance' originated -, there might be 
important long distance ones. Therefore, examples giving significantly 
smaller contributions to id are also shown, illustrating, as already 
mentioned, that large xd are not compulsory in the scenario under 
study. 

• agreement with purely tree level observables constraining V, namely, 
moduli in the first two rows and the physical phase 7. 

• agreement with the following observables potentially sensitive to New 
Physics [4,13,14]: 

— mixing induced, time dependent, CP- violating asymmetry in B® — > 
J/VKs vs. B° d - B° d - J/VK S , A mKa . 

— mass differences AMs d , AM# 3 , of the eigenstates of the effective 
Hamiltonians controlling B^-B® and B®-B® mixings. 

— width differences ATd/Td, AT S , AT^ P of the eigenstates of the 
mentioned effective Hamiltonians, related to Re (r\ 2 /Mf 2 ), Q = 
d, s. 

— charge/semileptonic asymmetries A, Af t , controlled by Im (r^/Afj^) 
q — d,s. 

— neutral kaon CP violating parameters ex and e'/e^ [23]. 

— branching ratios of representative rare K and B decays such as 
K+ -> tt+z/z/, (K L -> fijj,) SD and B -> X s £ + £~ [22,24-26]. 

— electroweak oblique parameter T, which encodes violation of weak 
isospin; the S and U parameters play no relevant role here [11]. 



2 A summary of the experimental values employed is given in appendix! 
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Note that in the region we are interested in, other precision elec- 
troweak parameters like Rb give similar constraints to those ob- 
tained from T [27]. 

• beside those experimentally based constraints, agreement with the avail- 
able results is required for every parameter entering the calculation of 
the observables, like QCD corrections, lattice-QCD computed bag fac- 
tors, etc. 



4.1 Example 1, = 300 GeV and large xjj 



For the first example we have a rather light value for the mass of the addi- 
tional up-type quark, m T = 300 GeV, the following moduli of U D V: 



/0.974186 
0.225559 
0.009002 

\0.001666 



0.225642 
0.972463 
0.047563 
0.033749 



0.003984 
0.041676 
0.948582 
0.313759 



0.005530\ 
0.041252 
0.312809 
0.948904/ 



(9) 



and the phases (presented here and in the following in an easily readable 
phase convention): 



arg U 



( 0.000530 -1.055339 

7T 

-0.472544 7T- 0.208060 

\ 1.795665 -1.266410 



1.071901 \ 
0.947622 


7i + 0.004752/ 



(10) 



The set of relevant observables that follow are displayed in table [U 



4.2 Example 2, my = 300 GeV and xjj not large 



The next example also corresponds to a mass mx = 300 GeV but short 
distance contributions alone do not produce a value of close to the exper- 
imental result. The moduli of U D V are now: 

/0.974195 0.225663 0.004137 0.002015\ 

0.972938 0.041548 0.028688 

0.042034 0.945531 0.322660 

0.026471 0.322842 0.946078/ 



\U\ 



0.225482 
0.009721 
\0.002889 

while the corresponding phases: 

/ 0.000569 

7T 

-0.536152 7T- 0.189787 
\ 1.545539 -1.774240 



arg U 



-1.204546 






7T 



1.928448 \ 
1.267846 


+ 0.003725/ 



(11) 



'12) 
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Observable 


Value 


Observable 


Value 


7 


60.5° 


X 


-11.9° 


AMr, 


0.507 ps" 1 


AM B 


17.77 ps" 1 




0.692 




0.288 




2.232 x 10~ 3 


e'/e K 


1.63 x 10~ 3 


xd 


0.0085 


AT 


0.16 


Bt(K + -> 7T+I/Z7) 


1.3 x 10~ 10 


Br(K L -> fj.fi) sd 


1.86 x 10~ 9 


Br(t -> cZ) 


1.4 x 10" 4 


Br(t uZ) 


2.5 x 10~ 6 


Br(B -> X^+e") 


1.63 x 10~ 6 


Br (5 X^+zO 


1.58 x 10" 6 


Aiyr d 


0.0042 






0.098 ps" 1 


at?" 


0.094 ps" 1 


Ad 


-0.0010 


.4 


-0.0006 



Table 1: Observables for example 1. 



They yield the observables in table [21 



Observable 


Value 


Observable 


Value 


7 


69.0° 


X 


-10.9° 




0.507 ps" 1 


AM Ba 


17.77 ps" 1 


A J/i>K s 


0.686 




0.250 


ex 


2.232 x 10~ 3 


e'/e K 


1.66 x 10~ 3 


x D 


0.0005 


AT 


0.17 


Br(K+ -> n+vv) 


1.2 x lO" 10 


Br(K L -> fip)sD 


1.99 x 10~ 9 


Br(t -> cZ) 


0.72 x 10" 4 


Br(t -» uZ) 


3.5 x 10~ 7 


Br(£ -> Xe+e") 


1.92 x 10~ 6 


Bx{B -> X^+M") 


1.86 x 10~ 6 


Aryr d 


0.0042 




Ar s 


0.088 ps" 1 


at?' 


0.085 ps" 1 


/id 


-0.0013 


4 


-0.0006 



Table 2: Observables for example 2. 



Beside the previous examples with rriT = 300 GeV, examples with the 
additional up-type quark being heavier are also interesting; we now present 
a couple of them for txit = 450 GeV. 
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4.3 Example 3, uit = 450 GeV and large xjj 



A first example producing large xd with my = 450 GeV has the following 
mixing matrix moduli: 



\U\ = 



and phases: 



/ 



argC/ = 



/0.974179 0.225657 0.004031 

0.225619 0.972525 0.041766 

0.008330 0.047219 0.966377 

\0.001136 0.032304 0.253683 





7T 

0.447359 
\ 1.908192 



0.000570 


7T- 0.140403 
-1.055192 



-0.957178 






0.006073\ 
0.039324 
0.252620 
0.966747/ 



0.868831 \ 
0.816488 


7T + 0.004977/ 



(13) 



(14) 



Observable 


Value 


Observable 


Value 


7 


54.8° 


X 


-8.0° 




0.507 ps" 1 


AM Bs 


17.77 ps" 1 


A J/i>K s 


0.693 




0.317 




2.232 x 10~ 3 


e'/e K 


1.63 x 10 -3 


X D 


0.0092 


AT 


0.20 


Bi(K + -► tt+vv) 


1.0 x 10" 10 


Br(K L -> np,)sD 


1.87 x 10~ 9 


Br(t -► cZ) 


0.80 x 10~ 4 


Br(t -»• «Z) 


1.88 x 10~ 6 


Br(5 -► X s e + e~) 


1.60 x 10- 6 


Br(5 -► X a /i + M~) 


1.55 x 10" 6 


Aryr d 


0.0041 






0.110 ps" 1 


at?" 


0.104 ps" 1 




-0.0010 


.4 


-0.0007 



Table 3: Observables for example 3. 



4.4 Example 4, = 450 GeV and not large 

For completeness let us display the last example, also with m T = 450 GeV, 
but yielding much smaller xjj- The mixing matrix moduli are: 

/0.974192 0.225675 0.004015 

. . _ 0.225535 0.972984 0.041642 

1 l_ 0.009033 0.044207 0.961556 

\0.001741 0.020444 0.271403 



0.002260\ 
0.026487 
0.270876 
0.962247/ 



(15) 
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and the phases: 



arg U 



( 0.000622 -1.092316 

7T 

-0.467721 7T- 0.108029 

\ 1.920727 -1.329417 



1.085654 \ 
0.885746 


7T + 0.003299/ 



(16) 



Observable 


Value 


Observable 


Value 


7 


62.6° 


X 


-6.2° 




0.507 ps" 1 


AM Bs 


17.77 ps" 1 


A J/4>K S 


0.688 




0.265 


tK 


2.232 x 10" 3 


e'/e K 


1.66 x 10~ 3 


XD 


0.0006 


AT 


0.23 


By(K+ -> n+vu) 


1.0 x 10~ 10 


Bi(K L -> fj.fi) sd 


2.10 x 10~ 9 


Br(t -> cZ) 


0.42 x 10~ 5 


Br(t -» «Z) 


3.0 x 10~ 7 


Br(B -> X^+e") 


1.75 x 10~ 6 


Br(5 X s /i+/x-) 


1.70 x 10" 6 


Aiyr d 


0.0043 






0.098 ps" 1 


at?* 


0.094 ps" 1 




-0.0012 


.4 


-0.0006 



Table 4: Observables for example 4. 



4.5 Comments 

At this stage the following comments are in order. 
B®—B® mixing phase 

The examples presented in the previous section provide values of the CP 
violating asymmetry Aj/m<$, in the range [0.25; 0.32], significantly larger than 
the SM expectation 0.04. These values are in agreement with the D0 result. 
However the model does not allow for much larger values of Aj/y$, even if 
one considers values my that are larger, but not excessively larger in order to 
avoid difficulties with non-decoupling contributions to flavour changing rare 
decays. Notice also that Ajw$ is not sin 2% but sm2x e ff (see appendix iBl) . 
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D°—D° mixing 



Concerning D -D mixing we have presented examples that could ac- 
count for xd just through the short- distance contribution present in this 
scenario: the tree level Z-mediated one. This is not, as stressed above, com- 
pulsory: examples with short- distance contributions not accounting for xp 
are as well presented. The crucial test to disentangle the origin of D°-D° 
mixing - short or large distance -, could come from CP violation, and the 
present model certainly produces new CP-violating phases. 

Observable t — > cZ decays at the LHC and \V tb \ ^ 1 

The branching ratio of t —>■ cZ decays has, in the above examples, values 
10 -4 — 10~ 5 , which are typically within reach of the LHC detectability expec- 
tations [28]. For an integrated luminosity of 10 fb" 1 this branching ratio can 
be explored down to 3.1 x 10~ 4 , for an integrated luminosity of 100 fb _1 this 
figure is pushed to 6.1 x 10~ 5 . Together with t — > cZ, the decays t — > uZ are 
also of potential interest. Nevertheless, the corresponding branching ratio is 
much smaller - typically (9(10 -6 ) -, as could be anticipated from the bounds 
on |i7 14 | being tighter than on |?7 24 |. Notice once again that these branching 
ratios of t — > qZ decays are not unavoidably obtained with such a size: they 
would automatically drop down for mixing matrices much closer to the 3x3 
unitary case. It is however true that once we focus on the possibility of ob- 
taining significant phases in B° s -B° s mixing, then sizable values of Br(t — > Zc) 
follow. 

By the same token, \V tb \ is sizeably different from unity, affecting single 
top production at hadron machines and other observables. 

Once we have imposed the different constraints explained above, there 
are other rare decays that can be slightly enhanced. This is the case of 
Kl — > vPvv and B S) d— > fi~fi + . The predictions are always below the actual 
experimental boundsj. 

At this stage, it is worth mentioning that recently an up-type isosinglet 
quark extension of the SM has been considered in the literature [27,29], where 
it is assumed that the heavy quark T only mixes with the top quark. One 
can readily see that effects such as sizable x? t — >• cZ decay rates or D°-D° 
mixing contributions, proportional to \U 2 4U U \ 2 and | U 1A U 2i \ 2 respectively, 
are absent. 

3 A more detailed analysis will be presented in a future paper. 
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5 Summary and Conclusions 



We have investigated the question of how to accommodate the large value 
of Xeff (of order A) recently observed in the flavour-tagged determination of 
mixing induced CP violation in B s — > J/ip<f) decays. If confirmed, this value 
would signal the presence of New Physics, since in the SM, one necessarily 
has x — Xeff = 0(\ 2 ). We have pointed out that in models with small 
violations of 3 x 3 unitarity, one can have Xeff of order A provided the new 
quark T mixes significantly with the top and also with the charm quark. This 
enhancement is in part due to an important correction in the exact relation 
between x an d other rephasing invariant quantities. We have carefully exam- 
ined the implications of the model for various important observables which 
severely constrain any extension of the SM. We have found that in order 
to have x °f order A, while conforming to the above constraints, the mass 
of the T quark cannot exceed around 500 GeV. It is clear that other New 
Physics may also lead to Xeff — For example, in some extensions of 

the SM, including the supersymmetric ones [30-32], there are New Physics 
contributions to B®-B® mixing which may in principle lead to Xeff > ^ 2 
even if x is of order A 2 . Recently there has been a great deal of interest in 
investigating flavour implications, including a possible enhancement of x m 
theories beyond the SM, such as Little Higgs models [33-35], four genera- 
tions [36] and supersymmetric extensions [37]. The distinctive feature of the 
present model is the fact that a value of x — C(^) necessarily implies rare 
top decays t — > cZ at a rate observable at the LHC. We have also examined 
the question of D°-D° mixing. In the present framework, there are new 
contributions to this mixing, arising at tree level from Z-mediated flavour 
changing neutral currents. We have pointed out that even taking into ac- 
count the limits on deviations of unitarity arising from normalization of the 
first row of V, one can have values of U lA leading to contributions to D°-D° 
mixing which can account for the present experimental value, without having 
to invoke long distance contributions. It was emphasized that, contrary to 
the case of t — > cZ decays, this is not a mandatory feature of the present 
model, since the new contributions to D°-D° mixing can be made arbitrarily 
small by choosing U 14 sufficiently close to zero. 

In conclusion, the presence of small unitarity violations may have important 
effects on the size of x an d other measurable quantities, which will be probed 
with higher precision at LHCb and future superB factories. 
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A Numerical input 

Table [5] collects the experimental values of the observables that have been 
used [5,7,21,22,28,38-42]. 



Observable 


Exp. Value 


Observable 


Exp. Value 


\vj 


0.97408 ± 0.00026 




V 

Y us 1 


0.2253 ±0.0009 


\VJ 


0.230 ±0.011 




V 1 

cs 1 


0.957 ±0.095 


\vj 


0.00431 ± 0.00030 






0.0416 ±0.0006 


7 


(76 ± 23)° 




Aj/^K S 


0.675 ±0.026 




0.540 ±0.225 


AM Bd (x ps) 


0.507 ±0.005 


AM Bs (x ps) 


17.77 ±0.12 


xd 


0.0097 ±0.0029 


AT 


0.13 ±0.10 


ex(xl0 3 ) 


2.232 ±0.007 


e'/e K (xl0 3 ) 


1.67 ±0.16 


Br(^+ -> ix+vv) 


(i-w;;)x 10 10 


Br(K L 




< 2.5 x HT 9 


Bt(B -> XJ + £~) 


(1.60 ±0.51) x 10~ 6 




Br(t -> cZ) 


< 4 x 10" 2 


Br(t 


— > uZ) 


< 4 x lO- 2 


ay s (x P s) 


0.19 ±0.07 


AT^' F (x ps) 


0.15 ±0.11 


AY d /v d 


0.009 ±0.037 




K 


-0.003 ± 0.0078 


A 


-0.0028 ±0.0016 



Table 5: Experimental values of observables. 



B Ajy^$ and the contribution of % 

The mixing induced CP violating asymmetry in the CP even part of the final 
state B s — > J/\&$ is Aj/y$ = sin2x e //, where Xeff is defined in the B®-B® 



14 



mixing matrix. Factorizing the modulus of the SM expression | [Mf 2 ]sj\/|, we 
have 



M{ 2 



\W1 2 ]sm\ 



e 



S(x t , x T ) V£ s V Tb , S(x T ) [VS s V Tb 



-i2x ) I _|_ 2 W J ; v Ts v Tb _|_ 



S^) ^V t6 fif(ar t ) V V t * s V tb 



2 



It is clear that Aj/qq, has two contributions: one from \ and the second 
coming from the new heavy top quark T running inside the box diagram, 
namely (p. The Inami-Lim [43] functions S verify S(x t ,x t ) = S(x t ). In 
order to understand the behaviour of these two contributions let us stress 
the following facts: 

• In reference [14] we have shown the existence of a screening: in the limit 
tjit — > m t , and independently of the value of x, we have x + V 9 = C(-^ 2 )> 
as in the SM. More precisely, 

lim x+V = arg (l + ^f) < arcsin ~ C(\ 2 ) . (18) 

mT ^ mt V Kb V csJ \\Vcb V cs\J 

So in the limit — > m t , ip is either order — \ - for x ~ ^ _ ? or very 
small - for x ~ A 2 -. 

• The phase is dominated by the imaginary part of — ^fe^p ^J* y T '' ■ 
Note that the ratio of CKM matrix elements is at most of order A. 

• The xt dependence of the Inami-Lim function S(xt,xx) destroys the 
cancellation in Eq. (fl8"j) as soon as we move away from tut = m t . For 
example, S(x t ,XT) — 1.5S(x t ) for uit = 300 GeV, and growing with 
itit- 

So we conclude that to have Xeff of order A, we have to pick x of order A 
and, as soon as the mass of the new quark T grows, we will get Xeff of the 
same order and opposite size. That is the reason why in all our examples, to 
have Xeff of order A and positive, we need x °f order A but negative. So it 
turns out that to have a large positive A one has to start with a large 
negative x- 
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